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1. Introduction
The metal-organic complex (OMC) Tris(8-hydroxyq
uinolato)aluminum (Alq3) is a widely utilized compo-
nent in organic electroluminescent devices [1] and has 
recently shown promise as a thin non-magnetic layer 
in a giant magnetoresistive device [2]. Recent studies 
have suggested that charge transfer [3, 4] effects at the 
Alq3/metal interface, as well as interface states [5, 6] 
and possibly metal induced gap states [5, 6] play an 
important role in charge injection and device perfor-
mance. The alignment of the molecular orbitals with 
respect to the Fermi level and the electronic structure 
of a metal-organic/metal interface are expected to 
have a profound effect on charge injection in molecular 
electronics. These aspects of electronic structure are, in 
turn, influenced by the molecular interactions with the 
metal substrate. In the case of Alq3, there have been a 
number of studies which indicate that the band offset 
and charge polarity are key to device performance [3, 
4], but the molecular configuration [3, 6] and pertur-
bations to the Al–hydroxyquinolate bonds may have a 
more profound effect.
In this study, resonant photoemission is used to 
identify the molecular orbitals (MOs) associated with 
the complexed aluminum metal center and show that 
these molecular orbitals are strongly perturbed by the 
choice of metal substrate. The substrates were cho-
sen to understand the metal-organic/metal interface 
formed in the magnetoresistive device (cobalt) com-
pared to the more standard metal electrode (gold). 
The effect of molecular orbital perturbation is impor-
tant to device performance, as already the quantum 
efficiency and color of luminescence in light emitting 
diodes composed from Alq3 has been shown to be de-
pendent on the stereoisomer and phase of composition 
[7]. The two isomers of Alq3 are the facial and meridinal 
with C3 and C1 point group symmetries, respectively, 
shown in the inset of Figure 1. Other molecular config-
urations may exist as well, as “distortions” to the facial 
and meridinal structures of Alq3 in the “relaxed” geom-
etries, as might occur in isolation.
Published in Chemical Physics Letters 413:4-6 (September 26, 2005), pp. 321–325; doi 10.1016/j.cplett.2005.07.098     
Copyright © 2005 Elsevier B.V. Used by permission. http://www.sciencedirect.com/science/journal/00092614
Submitted April 18, 2005; revised July 22, 2005; published online August 19, 2005.
Metal hybridization and electronic structure of  
Tris(8-hydroxyquinolato)aluminum (Alq3)
A. N. Caruso,* D. L. Schulz,* and P. A. Dowben †
* Center for Nanoscale Science and Engineering, North Dakota State University,  
1805 Research Park Drive, Fargo, ND 58102, USA
† Department of Physics and Astronomy and the Center for Materials Research and Analysis,  
University of Nebraska-Lincoln, Lincoln, NE 68588-0111, USA
Corresponding author — A. N. Caruso, anthony.caruso@ndsu.edu
Abstract
The metal-organic complex Tris(8-hydroxyquinolato)aluminum (Alq3) has been studied by energy and light polarization de-
pendent photoemission. Resonant photoemission was used to identify the molecular orbitals involved in metal chelation. When 
adsorbed on cobalt and gold surfaces, marked differences in the Alq3 metal-to-ligand bonds were observed. The results indicate 
intramolecular aluminum-to-ligand bonding through the oxygen heteroatom when Alq3 is adsorbed on gold, but through the ni-
trogen heteroatom when on cobalt. These results indicate that substrate interfacial complex formation plays an important role in 
the Alq3 molecular configuration and intramolecular bonding.
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2. Experiment
Alq3 was studied by angle resolved and polarization 
dependent ultraviolet photoemission spectroscopy un-
der ultra high vacuum (3 × 10−10 Torr). The commer-
cially purchased Alq3 powder (Aldrich) was purified 
before loading into an evacuated reservoir. The Alq3, ad-
sorbed by vapor from sublimed powder, was admitted 
to the UHV chamber through a leak valve for adsorp-
tion on the UHV prepared metal thin film substrates.
The photoemission measurements, as described in 
detail elsewhere [8], were carried out at the Center for 
Advanced Microstructures and Devices synchrotron 
radiation facility in Baton Rouge, Louisiana with syn-
chrotron light, monochromated by a 3m torodial grat-
ing monochromator. Alq3 adsorptions were completed 
on cooled (~100 K) epitaxial Au/Si(1 1 1) and polycrys-
talline Co/Au/Si(1 1 1) substrates. The thicknesses of 
the Alq3 molecular layers, reported herein, are 14 Å. The 
gold coatings exhibited a (1 1 1) orientation by X-ray 
diffraction and both gold and cobalt coatings exceeded 
100 nm. All binding energies reported herein are refer-
enced to the Fermi level as calibrated by tantalum foil in 
intimate contact with the sample surface with all pho-
toelectrons collected normal to the substrate surface (k║ 
= 0 or Γ‾ ). Polarization dependent photoemission was ac-
complished by varying the incident angle of the linearly 
polarized synchrotron light with the following provi-
sions: s + p polarization is given by 45° incidence with 
respect to surface normal; and, p polarization is given 
by 70° incidence, to yield the vector potential A more 
normal than parallel to the surface. The polarization de-
pendence can be coupled to the photoemission selec-
tion rules under the local point group of adsorbed Alq3 
to yield symmetry specific molecular orbital representa-
tions as a function of binding energy; the details of se-
lection rule formalism are laid out elsewhere [9]. Energy 
dependent photoemission was employed to determine 
the bandwidth of molecular orbitals normal to the inter-
face (for a crystalline overlayer thickness which did not 
exceed the mean free path of the substrate and its over-
layer). The reciprocal space position normal to the inter-
face k
┴
 is given as a function of incident photon energy 
by Eq. (1), where hν denotes the incident photon energy, 
Eb the binding energy, θ is the emission angle (0° in this 
work), the work function is given by φ and U represents 
the inner potential.
(1)
Resonant photoemission measurements were un-
dertaken by comparing photoemission spectra col-
lected with hν = 32 and 72.8 eV to be clearly off and on 
the Al 2p1/2 →  3s (core to bound) absorption thresh-
olds. The resonant photoemission, at 72.8 eV, is a core-
to-bound excitation in which the incident photon excites 
an electron from the Al 2p core to an unoccupied state 
just above EF that largely includes Al, O and N weight. 
The bound electron decays, providing a resonant effect 
with the direct photoelectron emission process, and is 
localized to molecular orbitals with weight in the vicin-
ity of the Al 2p core hole due to the strong Coulombic 
interaction.
2.1. Aluminum to quinolinate ligand bonding for Alq3 at the 
substrate metal interface
Alq3 does preserve some quinolinate to Al metal cen-
ter bond symmetry. Figure 1 shows the light polariza-
tion dependent photoemission at incident photon en-
ergies of 32 and 72.8 eV for Alq3 adsorbed on Au(1 1 1) 
from vapor. The light polarization dependence, of the 
photoemission spectra, reveals that the Alq3 molecule, 
adsorbed on gold, does preserve some symmetry [9], 
particularly in the vicinity of the Al metal center. Al-
though the light polarization dependence is different at 
different photon energies, the polarization dependence 
is significant for the photoemission feature at −7.8 eV 
binding energy. As this feature is enhanced at the Al 2p 
threshold (Figure 1), we can assign this feature to molec-
ular orbitals that contain Al weight.
Figure 1. Polarization dependent photoemission at (a) 32 eV 
and (b) 72.8 eV photon energy of Alq3 adsorbed on Au(1 1 1). 
p polarization is represented by a solid line whereas s + p po-
larization is the scatter plot (▲). Inset are the octahedral metal 
coordination spheres for the meridinal and facial isomers of 
Alq3 with nitrogen and oxygen atoms as black and white cir-
cles, centered about an aluminum in gray.
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With the Alq3 adopting a C3 point group symmetry, 
the irreducible representations that can be observed in 
photoemission are a and e, where a represents the sym-
metry axis of rotation (120° through trisection of the 
octahedral oxygen and nitrogen) whereas e signifies 
those molecular orbitals which have symmetries di-
rections (x, y, xz, yz, x2 − y2) orthogonal to a (z, x2 + y2, 
z2). The orthogonal symmetries of the facial Alq3 can be 
reconciled with the light polarization dependent pho-
toemission, in contrast to the C1 point group meridional 
Alq3 isomer (with little or no symmetry). This identifi-
cation of the facial Alq3 isomer, at least in the vicinity of 
the Al metal center, is also favored by others [10], but 
not all [11, 12].
As noted above for Figure 1, the light polarization 
dependent photoemission intensity is reversed as the 
photoemission cross section changes with incident pho-
ton energy. At 72.8 eV photon energy, where there is 
resonant enhancement of molecular orbitals with alu-
minum weight, there is also enhancement of the same 
molecular orbitals (at −7.8 eV binding energy) with p 
polarized light. The polarization and energy enhance-
ment indicates that the molecular orbitals with alumi-
num weight form as a result of atomic contributions 
with s and pz components rather than the px or py. The 
assignment of the a irreducible representation may also 
apply to intramolecular bonding within the quinolate 
ligand, but is not necessary to satisfy the observed be-
havior. Such a picture of aluminum bonding to the oc-
tahedral nitrogen and oxygen orbitals, from the point 
of view of symmetry, is consistent with that proposed 
by Curioni et al. [11].
The light polarization dependence of the photo-
emission (Figure 1) is indicative of a strong preferential 
bonding orientation of Alq3 to the gold substrate. While 
the molecular film need not be crystalline, the results are 
consistent with strong texture to the molecular thin film 
growth in the thin film limit, unlike that suggested else-
where for thicker molecular films [12].
For depositions of Alq3, from the vapor, on cobalt 
(Figure 2a), the photoemission reveals very different 
molecular orbital photoemission intensities and small 
increases in the Alq3 molecular orbital binding energies 
when compared to the molecular orbital induced pho-
toemission features for Alq3 adsorption on gold (Fig-
ure 2b). As shown in Figure 2a, there is an obvious en-
hancement in photoemission intensity for the four major 
molecular orbitals photoemission features at −4.6, −7.8, 
−9.7 and −11.9 eV binding energy at the Al 2p resonance 
(taken at 72.8 versus 32 eV photon energy). By way of 
comparison, as shown in Figure 2b, the photoemission 
spectra taken at the Al 2p resonance (again 72.8 versus 
32 eV photon energy) for Alq3 on Au show strongly en-
hanced features at −7.8 and −5.2 eV binding energies. 
The resonant enhancements in the Alq3 photoemission 
spectra demonstrate that the molecular orbitals with 
strong aluminum weight differ for Alq3 on cobalt than 
on gold.
If we compare the binding energies of the molecu-
lar orbitals, enhanced at the Al 2p threshold in resonant 
photoemission, with the projected density of state cal-
culations, provided by Curioni et al. [13] for each Alq3 
component, we find that those molecular orbitals en-
hanced in Figure 2a are molecular orbitals with the ni-
trogen weight, whereas those photoemission features 
that are enhanced at the Al 2p edge, in Figure 2b, are 
representative of molecular orbitals containing a strong 
oxygen projected density of states. These results indi-
cate that for Alq3 adsorbed on cobalt, the Al metal cen-
ter tends to bond the quinolinate ligands through the ni-
trogen whereas on gold, the Alq3 ligands bond to the 
Al more through the oxygen. This large difference in li-
gand-to-metal bonding suggests different molecular 
configurations are adopted by Alq3 at the different sub-
strate surfaces.
Organometallic complex formation has been sug-
gested for Alq3 adsorbed on magnesium and alumi-
num surfaces [6]. In the present study, interfacial Alq3 to 
metal substrate interaction induces intramolecular imi-
nate ligand-to-metal bonds (i.e. Al–N) for Alq3 on cobalt 
and enolate (i.e., Al–O) bonds for Alq3 on gold. Further-
more, the fact that Alq3 adopts a very different molec-
ular configuration at some interfaces does lend con-
siderable weight to the interface model proposed by 
Rajagopal et al. [3, 5] and others [6] and supports the 
premise that molecular configuration has a profound 
electronic effect at Alq3 interfaces. Nonetheless, Al to 
quinolate ligand molecular orbitals are identified for 
Alq3 adsorption on both gold and cobalt, in spite of the 
Figure 2. Photoemission of adsorbed Alq3 on (a) cobalt and on 
(b) gold at 32 eV (solid line) and at 72.8 eV (•) incident pho-
ton energy. All spectra were taken by s + p polarization.
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profound differences of the Alq3 electronic structure on 
the different substrates. Adsorption on both metals must 
be largely associative.
2.2. The Alq3 density of states close to the fermi level
An explanation of the effect of the substrate on the 
molecular orbital binding energies for condensed Alq3 
are not easily addressed by a single factor such as work 
function. Prior studies have advocated two competing 
pictures for the Alq3 molecular orbitals relative position 
on metal surfaces. There are advocates of a model where 
the molecular orbitals are pinned to the Fermi level 
[5, 14] and others who have argued that charge trans-
fer and substrate work function dominate EF placement 
within the molecular HOMO–LUMO gap [4]. By com-
piling available photoemission spectra, a comparison of 
the position in binding energy of the highest occupied 
molecular orbital (HOMO) as shown in Figure 3, does 
not show a strong dependence upon substrate work 
function. Therefore, it seems more likely that the density 
of states near the Fermi level are dominated by impu-
rities, decomposition or the different molecular phases 
now known to exist in the interfacial region, as demon-
strated here and elsewhere [3, 5, 6].
In comparing the spectral density between Alq3 ad-
sorbed on gold versus cobalt, there is a much larger 
photoemission intensity at −4.6 eV binding energy and 
a very weak molecular orbital contribution to the pho-
toemission spectra at −3.1 eV binding energy (labeled 
as “A” in Figure 2). This absence of photoemission in-
tensity for Alq3 on Co may be indirectly linked with a 
previous study [2] where Alq3 film thicknesses under 
100 nm deposited on cobalt, exhibited high resistances 
values in the range of 104–105 Ω. That is, an absence of 
photoemission intensity for the HOMO indicates the ab-
sence of a density of states for the valence orbital and 
hence a greater insulating material.
The diminished Alq3 photoemission intensity at 
−3.1 eV binding energy for Alq3 when adsorbed on co-
balt (vertical line “A” in Figure 2a), does not appear to 
fit with a model of charge injection into Alq3 that relies 
upon the substrate work function [4]. This point is il-
lustrated in Figure 3, where the highest occupied elec-
tronic state binding energies (derived from photoemis-
sion) for Alq3 on Co are compared with our results on 
Au and measurements of others for Alq3 on a variety of 
substrates. Again, there seems to be no obvious correla-
tion between the highest occupied electronic state bind-
ing energy and substrate work function.
The presence of the photoemission peak “A” that 
was attributed to the highest occupied electronic state 
for Alq3 on gold, cannot be attributed to an interface 
state. Our reasoning is due to the small but finite dis-
persion of “A” in Figure 4, compiled from energy de-
pendent photoemission. The presence of dispersion in-
dicates that this peak is not localized to the interface, 
that is to say, the state does not preserve two dimen-
sionality of state. Furthermore, peak “A” still exists for 
Alq3 films on many substrates (Figure 3), where the 
film thickness is much greater than the photoelectron 
mean free path. Hence the peak “A” is due to the true 
HOMO and not an interface state as suggested in other 
studies [6, 15].
Figure 3. Comparison of the Alq3 highest occupied electronic 
state (state “A” in Figure 2) binding energy for various pho-
toemission studies as a function of work function for the sub-
strates used in the respective studies. The references to each 
symbol: , ■– this work; □ [3]; × [4]; ▲ [5]; *,▼ [6]; , • 
[14];  [16]; | [17]; ○ [18]; +,  [19]; ♦ [20].
Figure 4. Energy dependent photoemission of Alq3 adsorbed 
on gold. The right side denotes the incident photon energies. 
Notice the photoemission cross section changes and disper-
sion directions as the photon energy is swept. All spectra were 
taken by p polarization.
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With the deposition of Alq3 on gold, the thin adlay-
ers of Alq3 are periodic in the direction normal to the 
surface. As observed in Figure 4, the photoemission fea-
tures due to the Alq3 highest occupied electronic state at 
−2.7 eV and at least two other Alq3 photoemission fea-
tures at −6.1 and −7.0 eV binding energy (hν = 43 eV) ex-
hibit little dispersion, while the photoemission features 
due to the Alq3 molecular orbitals at −3.7 and −9.8 eV 
binding energy (hν = 43 eV) exhibit significant photon 
energy dependence. These changing binding energies 
with photon energy occur over small values of k
┴
 con-
sistent with the fact that Alq3 is a larger molecule com-
pared to most molecular adsorbates with molecular or-
bital wave vector dependence.
3. Conclusion
We have investigated the occupied electronic struc-
ture of Alq3 adsorbed on epitaxial Au/Si(1 1 1) and 
polycrystalline cobalt. The light polarization dependent 
photoemission indicates the presence of the facial iso-
mer of Alq3. The suppression of highly lying occupied 
Alq3states adsorbed on Co is consistent with the large 
resistance values [2] for Alq3 on Co. The relative binding 
energy positions of the highest occupied electronic state, 
as compared in Figure 3, cannot be easily explained by 
charge transfer or the work function of the metals; rather 
it is the interface conditions which ultimately dictate the 
binding energy positions. Issues pertaining to charge in-
jection into the molecular film will undoubtedly be af-
fected by both the deposition method, which dictates 
the physical structure of the molecular film, as well as 
the complications that arise from the substrate depen-
dent hybridization.
Overall, the molecular orbital structure of Alq3 [16] is 
far from complete unless the influence of the substrate 
is considered. In this regard Kahn and coworkers [3, 6] 
are correct that the details of the interface matter. The 
results presented here indicate that interface states are 
partly the result of the changes in the configuration and 
geometry of the Alq3 molecules caused by substrate in-
teraction that, in turn, induce intramolecular iminate or 
enolate bonding rather than by the substrate to molecule 
interaction alone [6]. Arguments involving band bend-
ing are difficult to invoke in a system where the mo-
lecular configuration and intramolecular bonding con-
figuration changes so dramatically at an interface. The 
intermolecular interactions, by comparison, are likely 
quite weak so that a rigid band model seems more likely 
to be applicable (except at the interface). States that have 
been interpreted as interface states are shown by pho-
ton energy dependent photoemission to be attributable 
to Alq3 alone and disperse normal to the surface for a 
crystalline Alq3 thin film grown on Au. In spite of the 
agreement of the results here with Curioni et al. [13], 
the role of Al in the molecular orbitals is quite signifi-
cant and the Al–ligand bond can contribute significantly 
to the highest occupied molecular orbitals; a result not 
directly suggest by Curioni and coworkers [11, 13]. We 
may summarize by noting that the aluminum seems to 
play a very small role in intermolecular bonding but a 
large, although indirect role in intramolecular bonding 
induced by the metal substrate.
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